


NASA CR-988 

DESIGN AND CONSTRUCTION OF AN ENGINEERING MODEL 

SOLID CRYOGEN REFRIGERATOR FOR 

INFRARED DETECTOR COOLING AT 50' K 

By R. P. Caren and R. M. Coston 

Distribution of this report is provided in the interest of 
information exchange. Responsibility for the contents 
resides in the author or organization that prepared it. 

c 

Prepared under Contract No. NAS 5-9549 by 
LOCKHEED MISSILES AND SPACE COMPANY 

Palo Alto, Calif. 

for Goddard Space Flight Center 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - CFSTI price $3.00 





FOREWORD 

This report w a s  prepared by the Thermophysics Section of the 
Aerospace Sciences Laboratory, Lockheed Missiles and Space 
Coxpany, Research Laboratory for the  Aeronomy and Neteorology 
Branch of NASA Goddard Space Flight Center. 

performed under Contract MAS 5-9549, i n  the t i m e  period from 
15 June 1965 t o  March 24, 1967. 

The work was 

The program w a s  carried out under the direction of R. P. Caren 
with R. M. Coston as the  Chief Project Scient is t .  

s t ruct ion of the refr igerator  was principally the work of 
R. E. Barrow W-ith assistance from C. A. Jernberg and L. Lambert. 

The con- 
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1.0 General Technical Background 

In order to efficiently detect infrared radiation in the wavelength range 
out to 10 microns, cooled photoconducting detectors are required. To detect 
this long wavelength infrared radiation impurity rather than intrinsic semi- 
conductors must be utilized. 
ity is generally caused by the excitation of electrons from the valence band 
to the conduction band by quanta of incident radiation. The long wavelength 
limit of photoconduction is then determined by the fact that the incident 
quanta must have an energy at least as large as the band gap energy between 
the valence and conduction bands. 
ing detectors such as PbS, PbSe, and. PbTe have band gaps corresponding to 
maximum detectable wavelengths in the 5 to 7 micron range. 

In an intrinsic semiconductor photoconductiv- 

However, the usual intrinsic photoconduct- 

Doped or  impurity semiconductors, on the other hand, have energy levels 
associated with the impurity atoms occupying positions in the energy band 
scheme between the valence and conduction bands of the parent material. 
Because of their position in the forbidden energy zone, transitions in which 
these levels either donate electrons to the conduction band or accept electrons 
from the valence band involve smaller excitation energies than the intrinsic 
transitions from valence to conduction band. Thus, certain doped semTconductors 
have much longer wavelength detection limits than intrinsic photoconductors. 
However, extrinsic type photoconductors require cooling to preclude thermal 
excitation of the impurity levels and hence thermal saturation of the detector. 
For extrinsic photoconductors having long wavelength limits in the 10 micron 
range, the detector should be operated at o r  below approximately 50°K in order 
to preclude thermal saturation. 
detectors operable from the visible wavelength range out to 10 microns, which 
are operable at 50 K include antimony and zinc doped germaniura and germanium- 
silicon alloys doped with either gold or  antimony and zinc. 

Examples of extrinsic photoconductive 

0 

For infrared detectors requiring refrigeration at o r  below 50°K the problem 
of supplying the ref rigeration on board spacecraft is formidable, particularly 
in view of stringent requirements, such as low system weight, power, volume, 



, 

and high system lifetime and reliability. 
t ion  are eas i ly  shown t o  be inapplicable on the basis of power requirements, 
low re l iab i l i ty ,  and excessive weight f o r  a l l  but  short  term missions. 
only systems presently capable of providing the refrigeration of infrared 
detectors aboard spacecraft fo r  long term missions are either l iquid or  sol id  
cryogens. 
w i l l  be the detector, a multilayer insulation plus low thermal conductivity 
support systems must be provided f o r  proper thermal isolation of the cryogen. 

Conventional means of refrigera- 

The 

In e i the r  case, i n  order t ha t  the principal heat load t o  the cryogen 

For spacecraft infrared detector cooling requirements a sol id  cryogen is more 
favorable than the same cryogen i n  the l iquid state f o r  the following reasons: 

o In the zero 'g" conditions of spacecraft there i s  no venting problem 
i n  the case of a solid,  only the vapor from the subliming sol id  would 
be vented; whereas f o r  the l iquid phase their  could be l iquid venting 
and a result ing loss i n  refrigeration capacity. 
In the sol id  system the la ten t  heat of vaporization is  available f o r  

refrigeration systems. 
gain i n  refrigeration capacity. 

gain i n  the  density of the cryogen i n  the sol id  phase. 
solid,  there is a 20 t o  30 per cent gain i n  refrigeration capacity 
per uni t  volume over that  available w i t h  the same cryogen i n  a l icp id  

s ta te .  
The lover temperature of the sol id  phase permits a gain i n  infrared 
detector system sensi t ivi ty .  

o 
For most cryogens t h i s  is  a 10 t o  15 per cent 

Also, there i s  a 10 t o  15 per cent 
Thus, f o r  a 

o 

2.0 Technical Objectives 

The objective of t h i s  program w a s  the  construction of a prototype spacecraft 

sol id  cryogen refr igerator  capable of providing of cooling at  a temperature 
of approximately 50 K f o r  an infrared detector. 
vide th i s  requisite cooling fo r  a period of 1 year based on a refrigerator 
outer skin temperature of 300°K. 

vacuum jacket, was t o  be approximately 30 lbs. 

0 The refrigerator w c s  t o  pro- 

The t o t a l  system weight, excluding the outer 

In a f l i g h t  unit ,  during 
ground hold, the insulation system would not be evacuated but surrounded by a 
helium o r  neon purged mylar bag t o  prevent a i r  condensation. 

spacecraft boost phase the purge bag would be automatically evacuated 
During the 

2 



Tbe refrigerator was t o  occupy a small volume. The detector temperature was 
t o  be regulated e i the r  actively o r  passively both f o r  changes of the detector 

heat load and also over the refrigerator lifetime. 
refrigerator was t o  be designed t o  withstand launch acceleration and vibration 

as specified i n  the document, "An Environmental Specification f o r  a Meteorologi- 
cal ly  Spacecraft Subsystem, '' prepared by NASA/GSFC. 

The structure of the 

I 

3.0 Technical Methods 

0 The 50 K refrigerating power is supplied t o  the infrared detector via a copper 

thermal l i n k  from a container o f  sol id  argon held a t  approximately SoOK. 

50°K sol id  argon temperature i s  maintained by the choice of the proper conduct- 
ance of the gaseous argon venting path t o  the space vacuum etivironment, 
use of a gaseous venting path conductance f o r  f ixing the operating temperature 
of the detector a l s o  provides passive temperature readat ion.  

The 

The 

Since the sol id  argon required f o r  1 year's detector cooling is  the dominate 
system weight, the argon requirement i s  minimized by reducing as much as 

possible a l l  extraneous heat leaks t o  the sol id  argon. Solid carbon dioxide 
i n  conjunction with a surrounding evacuated multilayer insulation i s  used t o  

provide a low temperature radiative boundary surrounding the solid argon. 
low temserature radiative boundary surrounding the argon significantly reduces 
the extraneous heat flow t o  the argon. E a carbon dioxide thermal protection 
system were not used the argon required would be increased by a fac tor  of three. 

A refrigerator using argon alone would weigh 15 t o  20 lbs. more than the present 
argon-carbon dioxide system. The u t i l i t y  of a carbon dioxide thermal protection 

system l ies  i n  the f a c t  t ha t  the l a t en t  heat of sublimation of carbon dioxide 
is  approximately three times tha t  of argon on e i the r  a volumetric o r  mass basis. 

The equivalence of the la ten t  heats on both a volumetric and mass basis i s  due 
t o  the equal densit ies of argon and carbon dioxide (1.7 g/cc). 

system f o r  the argon container is  non-m%tallic i n  order t o  u t i l i z e  the lover 
t h e d  conductivity t o  strength ra t ios  of non-metallic materials. 

s t ructural  support system i s  thermally grounded t o  the sol id  carbon dioxide 
container t o  u t i l i ze  the reduction i n  the thermal conductivity integral  between 
so l id  carbon dioxide (l25OK) and so l id  argon teaperatures over tha t  between 

This 

The support 

The argon 
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room temperature ( 296%) and so l id  argon temperature . 
3.1 Structural  and Thermal Design of Solid Cryogen Refrigerator 

The s t ructural  and thermal design of a spaceborne sublimating so l id  refrigera- 

t o r  are not two independent tasks. In fac t ,  t he . r ig id i ty  required of structures 
t o  withstand the ascent environment are i n  d i s t inc t  contrast t o  the th in  walled 

low conductivity supporting members used i n  cryogen storage containers. Hence, 
in any minimum weight, f l i g h t  qualified, cryogen storage system there must be 

a strong counterplay between the thermal and s t ruc tura l  requirements of the 

system. 
in the  present system glass reinforced epoxy tubes are uti l ized, due t o  t h e i r  

superior strength t o  thermal conductivity r a t i o  as compared t o  metals. 

Thus, f o r  example f o r  the  supporting members f o r  the  cryogen containers 

Several different  cryogen container-structural configurations were considered 

as pa r t  of the refr igerator  system design. 
a design using concentric containers, i n  the order of argon container, vacuum 
space, carbon dioxide container, insulation space, i s  more complex, has more 
container w e i g h t ,  and is  more d i f f i c u l t  t o  fabr icate  than a system ut i l iz ing  
two stacked cylindrical  cryogen containers and a common vacuum space f o r  the 

containers and the insulation system. Tnus, the  latter design w a s  chosen f o r  

the present prototype sol id  cryogen refr igerator  system. This stacked design 
is shown schematically i n  Figure 1 and i t s  thermal and s t ructural  aspects are 
described i n  the two following subsections. 
a t t rac t ive  a l so  because the s t ructural  support f o r  the refrigerator and the 
support systems between the cryogen containers are long which reduces heat 
t ransfer  v ia  these paths. 

The conclusion was reached tha t  

This design is par t icular ly  

3.1.1 Structural  Design of Solid Cryogen Refrigerator 

The design characterist ics of the presently considered subliming refr igerator  
design are summarized in Table 1. This design i s  based on a sensor operating 

temperature of 50 K f o r  a duration of one year and an approximate system weight 

of 30 lbs. 

of 25 m i l l i w a t t s  is  permissible f o r  a carbon dioxide cryogen temperature of 

125OK. 

0 

From these basic parameters and f o r  t h i s  design a detector heat load 
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Figure 1. Schematic of Solid Argon-Solid Carbon Dioxide Infrared Detector Refrigerator 
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Table 1 

.Subliming Refrigerator Design Characteristics 

Infrared Detector Cooling Capacity 

50 
0 Temperature, K 

Duration, years 

Heat Load, Milliwatts 

L 

25 

&ef rige rator  Sys tern Characterist ics.  
Refrigerants 

Primary Argon Secondary C02 

Volume, i n  3 

Dimensions 

Containers Specifications- 

223 150 

8.2"o.~. x 5" High 9.2'10.~. x 3.0 I.D. 
x 4.25" High 

Container and Refrigerant Weights 

Container 1.7 1.2 

Refrigerants 13 -7 8.8 

Heat Transfer t o  Refrigerants 

Radiation 10 52 

supports 5 24 

Detector 25 
Total 40 

Yeight Sumiiry of Systems, lbs 

Refrigerants 
Containers 
Container Support 
Detector Sup2ort and Window 
insulation 
Heat Exchanger, Internal & External 
Radiation Shroud 

Total 

22.5 
2.9 
0.7 

02 
2.4 
.a 
04 

29.9 
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In the  s t ructural  design of the refr igerator  which is  shown schematically 
i n  Figure 1, the argon and carbon dioxide containers are constructed from th in  

s ta inless  s t e e l  sheets. The sides and the ends of the container have w a l l  
thicknesses of 0.024 and 0.036 inches respectively. 
t h a t  the  carbon dioxide container would have t o  withstand an internal  pressure 
of at l eas t  75 psi. 
high density sol id  carbon dioxide was t o  first liquefy the carbon dioxide near 
i ts  t r i p l e  point ( the t r i p l e  point of carbon dioxide occurs at  a pressure 
of 75 ps i  and a temprature of 2l.6'~) and then subcool the l iquid t o  a sol id  
using l iquid nitrogen as the refrigerant. 
contract (See Section 3.4) showed tha t  a high density carbon dioxide sol id  
could be grown on a l iquid nitrogen cooled wa l l .  d i rect ly  from the gas phase at  
a pressure of 1 atmosphere. 
were designed t o  support both external and internal  pressures of a t  l e a s t  1 5  
psia. 

when the sol id  cryogens are being formed a t  a pressure up t o  1 5  psia. 
maximum external pressures occur during the leak detection check of the weld- 
ment of the cryogen containers and during the refrigerator warm-up phase, 
when an exchange gas is  placed i n  the insulation space t o  degrade the thermal 

peflonnance of the multilayer insulation. 

In i t i a l ly ,  it was believed 

This w a s  because the most obvious means of producing 

But experiments performed under t h i s  

Thus, both argon and carbon dioxide containers 

The m a x i m u m  internal  pressure occurs during the servicing operation 
The 

As shown i n  Figure 1, the carbon dioxide container is  located above the argon 
container and does not surround the outer boundary of the argon container. 

The carbon dioxide temperature radiative boundary surrounding the argon con- 
ta iner  is  provided by a 1.5 m i l  copper shroud which ent i re ly  surrounds the 

argon container. 
isolates  the copper shroud and the carbon dioxide container from t h e i r  warm 
surrounds. The apparent thermal conductivity of the insulation systems w a s  
assumed f o r  the design t o  be 5.2 x w/cm°K (3.0 x BTU/Hr F t  OR). In 
order t o  support the copper shroud and multilayer insulation i n  the area of 
the argon container, a cage of 1/16" O.D. x .010" w a l l  s ta inless  s t e e l  tubing 
is  provided which i s  s t ructural ly  attached t o  the carbon dioxide container. 
This cage will adequately support the insulation and copper shroud during 

A two-inch mantle of evacuated multilayer insulations thermally 
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ascent, and w i l l  maintain an annular spacing of l / 2  inch between the copper 
shroud and the argon container. 

between the radiation shroud and the argon container and has a construction 
s i m i l a r  t o  tha t  of the radiation shroud. 

A f loat ing radiation shield is  located 

As is  depicted i n  Figure 1 the support f o r  the carbon dioxide container is  a 
cantilever beam with a fixed end support and concentrated load at  full span. 
The material chosen f o r  the neck support tube is an S-Glass filament wound 

structure impregnated with an epoxy resin. 
bined s t ructural  thermal analysis indicated its advantages. 

strength of the filament wound fiberglas (= 100,000 p s i )  as opposed t o  the 
reported strengths of f i b e r  las reinforced epoxies (15,000 p s i )  allows a much 
thinner s t ructural  support, 

approximately the same, the effective reduction i n  cross-sectional areas of the 
support members allowed w i t h  the use of the filament wound structure great ly  
improves the heat t ransfer  characterist ics of the system. 
s tan t  internal  diameter of l,72 inches. In order t o  provide suf'ficient strength 
and minimu? heat conduction, the beam i s  tapered from a thickness of .a5 inches 
a t  i ts  fixed end t o  -012 inches a t  i ts  free end. 
each end of the beam with epoxy adhesives and the bem can then be bolted t o  
the refr igerator  support flange and the carbon dioxide container, 

This choice was made after a com- 
The reported high 

1,5,3,4 
As the thermal conductivities of both materials are 

The beam has a con- 

Metal flanges are fastened t o  

This support column has been subjected t o  tension, cornpression and bending 
s t ruc tura l  tests. 

is  equivalent t o  approximately a 30 g loading, w i t h  no signs of yielding. 
However, i n  compression the column buckled at  a compressive load of 540 lbs, 

which is approximately equivalent t o  a l 5  g load on the refrigerator.  
occurred where the w a l l  thickness was 0.012 inches. 

specimen f a i l ed  at  a point 1.5 inches above the lower support flange. 
the f a i lu re  being due t o  buckling a t  an equivalent loading of 15 g.  

were conducted w i t h  the support column at room temperature. 

the 300'K boundary temperature t o  the carbon dioxide container v i a  the beam 

support is  24 milliwatts. 

the carbon dioxide and on a pract ical  consideration of the minimum machinable 
thickness of a non-metallic material such as glass f iber epoxy laminate. 

In tension the support column was loaded t o  900 lbs., which 

Buckling 
In the bending t e s t s  the 

Again, 
A l l  tests 

The heat leak from 

This design i s  based on minimizing the heat leak t o  

a 



The header at  the top of the refrigerator is provided with an "0" ring groove 
f o r  sealing the I r t ran  window, and w i t h  o r i f ices  f o r  the carbon dioxide and 

argon f i l l  and vent tube and the l iquid nitrogen heat exchanger tubes. All 
cryogen t ransfer  tubes passing through the  top header are reentrant t o  prevent 
t h e i r  cooling the header and I r t ran  window. 
detector support rod and the filament wound support beam is used t o  route the 
four f i l l  and vent lines. 
used f o r  the so l id  carbon dioxide and argon production and one each f o r  the 

carbon dioxide and argon container. The LN2 heat exchanger i n l e t  and out le t  
tubes are 1/4 inch internal  diameter while both the argon and carbon dioxide 
f i l l  and vent l ines  are 3/8 inch internal  diameter. In order t o  eliminate 
heat leaks t o  the cryogen systems via  the vent and f i l l  l ines  the s t ra ight  
sections of tubing i n  the neck section are made of mylar. 

cause it possesses a thermal conductivity an order of magnitude lower than 
stainless s t e e l  tubing.= s ta inless  steel tubing were used f o r  the f i l l  and 

vent tubes a t o t a l  heat leak t o  the cryogens of several milliwatts would 

result, 
On the  other hand, when mylar tubing i s  used the t o t a l  heat leak via  these 
tubes is  l e s s  than 1/2 m i l l i w a t t s ,  which i s  not a significant thermal load. 

Sections of mylar tubing are  also used, as shown i n  Figure 1, i n  the sections 
of the l iquid nitrogen heat exchanger tubes between the argon and carbon 
dioxide containers. The use of continuous stainess s t e e l  tubing i n  t h i s  
c i r cu i t  would result i n  too much thermal contact between the cryogens, 
use of sections of mylar tubing i n  t h i s  c i r cu i t  provides good thermal isolat ion 
between the cryogensI 
Paper Tube Co., Washington, D.C. and experimentally evaluated f o r  leaks at  
both room temperature and at  l iquid nitrogen temperature. 
test several samples of the mylar tubing w i t h  tbe ends epoxied t o  s ta inless  
s t e e l  tubing w i t h  Hysol l-C white epoxy were temperature cycled up t o  100 
times between room and l iquid nitrogen temperature. 
epoxy seal areas maintained vacuum integrity.  

The annular area between the  

Two of the l i nes  are fo r  the LN2heat exchanger 

Mylar is  used be- 

This would consti tute a significant heat leak t o  the refrigerants. 

The 

This mylar tubing has been obtained from the Stone 

As a qualification 

Both the tubing and the 

The argon container i s  supported from the bottom of the carbon dioxide container 
by three glass f iber  epoxy laminate columns. 
at  the bottom of the carbon dioxide container t o  headers a t  the bottom of the 

argon container, 

These columns extend from headers 

Thus, a long thermal path length through these supporting 

9 
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members is  provided. 

ance between these supporting columns of the argon container. 

dioxide and argon containers are maintained i n  axial alignment under l a t e r a l  

loads by a restraining system which is shown i n  Figures 10 and 11, t h i s  

restraining system makes contact near the top of the argon support columns 

under lateral loads. 

t o  appear as a couple along i ts  ax is  between the top of the argon container 

and i ts  center of mass. 
bottom of the argon container appear principally as compression or tension 
loads. 
carbon dioxide container and the top of the argon container do shear forces 
occur under lateral loads. This system minimizes the lateral motion of the 

argon container re la t ive t o  the carbon dioxide container and thus s t i f fens  
en t i re  system below the main support column. 
conditions there w i l l  be no contact between th i s  system and the argon support 

columns and therefore no heat leak from the carbon dioxide t o  the argon con- 

ta iner  through this structure. 

Recesses are provided i n  the argon container f o r  clear- 

The carbon 

This system causes lateral forces on the argon container 

The resulting forces i n  the columns between the top and 

Only i n  the small section of these columns between the bottom of the 

During s t a t i c  or  zero gravity 

Using three 1/2 inch diameter by 0.020 inch 

w a l l  glass fiber epoxy laminate supporting columns the maximum tension or 
compression forces under 30 g axial and 10 g lateral loads can be wi-thstood 

with a safety fac tor  of 10. 

t o  be 5 m i l l i w a t t s .  
material because of t h e i r  re la t ively high strength t o  weight r a t io  and the i r  
low thermal conductivity. 

available for design calculations. 

eas i ly  machined and bonded t o  other materials with epoxy resins. 

The heat consuction along these tubes i s  calculated 
The glass epoxy laminates were chosen as the column 

For these Raterials engineering information i s  

Further, the glass epoxy materials are 

The t o t a l  design weight f o r  the refrigerator as sholm i n  Table 1 is estimated 
as 29.9 lbs. 

designed t o  sustain loads of 30 g 's  acceleration along, and 10 g's acceleration 

normal to, the axis of the refrigerator w i t h  the following exception. 
indicated, i n  the static tens i le  tests performed on one sample of the main sup- 

port column although t h i s  member w i l l  sustain loads equivalent t o  30 g's accelera- 
t ion  of the  refr igerator  i n  tension, i.e., along the refrigerator axis, and 
15 g ' s  n o a  t o  i t s  axis, it w i l l  support only 15  g 's  i n  compression. 

i n  order t o  support the force equivalent t o  30 g's  acceleration of the refrigera- 
t o r  mass along the refrigerator axis i n  conpression, it would apoear t ha t  the 

This structure should be suit?.ble f o r  orb i ta l  f l i g h t  and is  

As 

"!Ius, 
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w a l l  thickness of the present support column must be increased. 
be pointed out that the f a i lu re  point on the colum under the compressional 

load tests was  at  the low temperature end. 

of 125OK the strength of t h i s  section of the column could be increased 30 t o  
50 per cent. On the basis of the reported tens i le  s t rergth of filament wound 
epoxy impregnated materials, however, the f a i lu re  i n  the present column must be 
due t o  s t ruc tura l  imperfections. 
the columns are selected on the basis of tensi le  tests performed t o  the 15 t o  
30 g's equivalent s t a t i c  forces should be suff ic ient  t o  guarantee selection of 
columns i n  compliance w i t h  all st ructural  specifications. 

It should 

A t  the carbon dioxide temperature 

1,3 

Thus, a quali ty assurance program i n  which 

3.1.2 Thermal Design of Solid Cryogen Refrigerator 

The predicted heat loads t o  both the sol id  argon and sol id  carbon dioxide 
containers are summarized i n  Tzble 1. The calculated heat loads on the so l id  

argon and so l id  carbon dioxide containers were calculated t o  be 

milliwatts, respectively. 

t a iner  i s  52 m i l l - i w a t t s  v ia  radiation and conduction through a 2-inch thickness 
of superinsulation and 

epoxy supyort column. 
that  through a two inch thickness of multilayer insulation with the previously 

indicated assumed thermal conductivity of 5.2 x 
Hr Ft OR). 
design was assumed t o  be 125 K. 

40 and 76 
The heat t ransfer  ra te  t o  the carbon dioxide con- 

24 milliwatts via the filament wound glass reinforced 

The radiant heat load on the solid carbon dioxide i s  

r~/cm~K (3.0 x BrV/ 
The operating temperature of the carbon dioxide fo r  the present 

0 

A s  shown i n  Figure 1, the carbon dioxiae container i s  located above the argon 
container and does not surround the outer boundary of the argon container. 
The carbon dioxide temperature radiative boundary of 125 K surrounding the 

argon container i s  provided by a 1.5 m',l copper shroud supported by a cage made 
from 1/16 inch diameter x .005 w a l l  stainless steel tubing. 
t ion shield of similar construction-to tha t  of the carbon dioxide shroud is 
held i n  place between the shroud and the argon container by nylon thread supports. 
Vibration suppressors made of tef lon are  attached t o  the shroud and f loat ing 

radiation shield and contact the argon container during maximum g loading con- 
ditions. 

0 

A f loat ing radia- 

11 



The computed heat t ransfer  rate t o  the argon is 11 m i l l i w a t t s  v ia  radiation 

heat t ransfer  between the 125'K carbon dioxide cooled copper shroud and the 

50°K temperature of the argon container. 

the copper shroud, the f loat ing radiation shield and argon containers external 
surface. 
at  LElSC 

is approximately 0.01. 

highly conservative estimate, 
plated i n  order t o  achieve be t t e r  radiative thermal isolation, 
without the f loat ing radiation shield the maximum amount of refrigeration 

available for the  detector would be 14 m i l l i w a t t s .  

This assumes an emittance of .02 on 

Recent measurements made on the low temperature emittance of metals 
indicate tha t  t he  emittance of copper and gold a t  these temperatures 5 

Thus, the use of an assumed emittance of 0.02 i s  a 
The stainless steel argon container i s  gold 

For a system 

The detector heat load i s  determined from an energy balance on the argon con- 
ta iner  and is  dependent on the  carbon dioxide temperature and the degree of 
thermal isolat ion of the 'floating" radiation shield. 
shown i n  Figure 2. 

heat load with the outer carbon dioxide temperature shield at  l25'K would be 
25 m i l l i w a t t s .  
radiation shield the  maximum heat load f o r  the detector would be 14 m i l l i w a t t s  
with a l25'K carbon dioxide temperature. 
detector bias current e l ec t r i ca l  heating plus the radtant heat loaa on the 
detector plus the detector mounting assembly. 

This energy balance i s  

For a f r e e  f loat ing radiation shield the maximum detector 

As indicated previously f o r  a system without the f loat ing 

The detector heat load includes the 

3.2 Argon Solidification and Cooling Technique 

0 The t r i p l e  point tem3erature and pressure for argon are 83.77 K and 514.1 
6 

t o r r  respectively. 

atmospheric pressure, which is 77 K, argon is  a solid. 
ments carried out under the present contract using a transparent (glass) con- 

ta iner  immersed i n  l iquid nitrogen showed that if argon gas at room temperature 

i s  introduced in to  the container at  a rate suff ic ient  t o  keep the gas pressure 

i n  the container above 514 tor r ,  then l iquid argon i s  first produced. 
u n t i l  the contaioer is  nearly f i l l e d  with l iquid argon i s  growth of so l id  

argon from the nitrogen cooled w a l l s  outward in to  the bulk of the l iqu id  

observed. 
tained the container can be ent i re ly  f i l l e d  with sol id  argono 

Thus, at  the temperature of l iquid nitrogen boiling at  
Laboratory experi- 0 

Not 

If the argon gas pressure over the argon i n  the container is main- 
The mass of 
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argon transferred into the container i n  these experiments w a s  determined by 

measuring the t o t a l  argon gas flow in to  the container using a Precision w e t  
test gas flowmeter. 
the sol id  argon achieved w a s  determined t o  be 1.682 g/cc as compared t o  the 
density of 1.711 g/cc reported by Dobbs e t  
method i s  used for producing a high density sol id  within the refrigerator.  

While an argon gas pressure i n  excess of 514 t o r r  is maintained within the 
argon container, the container w a l l s  are cooled w i t h  l iquid nitrogen flowing 
throum a heat exchanger fashioned from l/4 inch diameter stainless steel 
tubing soldered t o  the exter ior  container w a l l s  . 
argon gas and subsequently cools the l iqu id  t o  a so l id  mass. By maintaining 
the argon gas pressure voids which occur due t o  contraction of the sol id  are 
continuously f i l led.  The use of Precision w e t  test gas flowmeters t o  meter 
t o t a l  argon gas flow in to  the argon volume allow an accurate determination of 
the t o t a l  mass of sol id  argon produced i n  t'ae refrigerator. 

From a knowledge of the container volume the density of 

In view of t h i s ,  the following 

This system l iquefies  the 

In order t o  assure good t h e d  contact between the l iquid nitrogen heat 

exchanger soldered t o  the refrigerator argon reservoir and the argon i tself ,  

the argon reservoir volume i s  par t ia l ly  f i l led with copper expanded foam. 
metal foam serves several purposes: 

This 

o It produces good thermal contact between the l iquid nitrogen heat 
exchanger and the argon during the i n i t i a l  l iquefication and sol idif i -  
cation processes. 
It allows uniform subcooling of the sol id  argon during the evaporative 
cooling from 77OK t o  the solid operating temperature. 

The copper thermal l ink  between the infrared detector and the solid 
argon i s  soldered t o  the m e t a l  foam so that intimate thermal contact 
i s  provided between the detector and the solid argon. 

o 

o 

3.3 Passive Detector Temperature Reodation 

The copper thermal l ink  between the infrared detector plus the expanded copper 

foam embedded i n  the sol id  argon provides 
the detector End the sol id  argon. 

intimate thermal contact between 

In the present system w i t h  the high degree 
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of thermal contact existing between the detector and the  so l id  argon, which is 

maintained through the co2per thermal l i nk  and expanded copper foam heat 

exchanger, the problem of maintaining the detector temperature is  simply tha t  

of maintaining a relat ively fixed temperature of the sol id  argon. 

of the sol id  argon temperature can, of course, be achieved by actively controll- 

ing the vapor pressure over the argon t o  i ts  pressure corresponding t o  approxi- 
mately 50°K. 
0.15 torr (See Fig. 3) ,  so tha t  any mechanical means for pressure control 
involving pressure actuated mechanisms will be cumbersome, heavy, and have 
questionalbe re l iab i l i ty .  
passive temperature re,dation scheme, 
system essent ia l ly  consists of the sol id  argon plus a vent l i n e  of fixed con- 

ductance leading t o  the space vacuum environment. 
w i t h  the normal heat flux Q toe the  solid,  a pressure drop corresponding t o  

a sol id  argon temperature of 50 K provides the proper gaseous argon mass flow 
rate m. Thus, 

This control 

0 However, the  saturation vapor pressure of argon at  50 K is  only 

Therefore, the  present system u t i l i ze s  a t o t a l l y  

This passive temperature regulation 

"his l i n e  is  sized so that, 

0 

0 

If the heat input t o  the sol id  argon chmges, i.e., if the detector heat load 

changes, then m must change. 

by changing the vapor pressure over the cryogen t o  accommodate the new mass 
flow rate. The passive system accomplishes t h i s  change i n  pressure by assum- 
ing a new so l id  argon equilibrium temperature. As w i l l  be shown for the 50°K 

so l id  argon system, a very large change i n  heat load can be withstood without 

a l te r ing  the i n i t i a l  equilibrium temperature more than 0050K. 
stated,  the mass flow rate from the sol id  argon will be d i rec t ly  proportional 
t o  the heat input 8. for equilibrium; that  is  Q =d m. For the venting system 

under consideration the vapor flow i s  laminar and m i s  given t o  a very good 
degree of approximation by Poisuil le 's  equation 

0 The system passively produces the new equilibrium 

As previously 

0 

0 

I 



n 
k 
k 

W 

100 
80 

60 

40 

20 

10 
a 
6 

4 

2 

1 

0. E 

0. E 

0.4 

0.2 

0. I 
0.014 0.016 0.018 

1/T (“K) 

, 

0.020 

Figure 3.  Argon Vapor Pressure vs. Temperature 

16 



- 4  
m =  0 p (P-Po) 
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Now, since the Tenting is  in to  a vacuum, Po = 0 and 

8 
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- 
Also, the average vapor density i n  the venting l i n e  p i s  given by 
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For a system venting 13.7 pounds of argon over the geriod of one year (see 
Section 3.1.2 f o r  sol id  argon weight analysis)  w i t h  an equilibrium argon tempera- 
tu re  of 5OoK, t h i s  equation yields a value of the r a t i o  of D /L of 1.2 x lom3 i n  . 
Table 2 lists venting l i n e  diameters corresponding t o  various ventizg l i ne  lengYns 

4 for th i s  D /L ratio.  

4 3 

Wole 2 

Argon Venting Tube Diameters vs. Tube Length 



, 

A change i n  heat flux AQ is related t o  the corresponding change i n  vapor 
pressure over the so l id  AP by 

and the change i n  pressure i s  produced by a change i n  the so l id  argon tempera- 

t u re  given by AP = AT; thus 

Here it i s  evident that the expression which controls L e  percentage cnange 

of heat load which can be accommodated within a fixed detector temperature 
operating range AT i s  
Now, using the vapor pressure data for sol id  argon 

which is greatest  f o r  a low temperature solid. F E  

Hence, 

or 

As has been previously indicated t o t a l  allowed heat load on the argon f o r  
1 year's operation of 40 m i l l i w a t t s .  
temperature operating temperature of approximately 5OoK it follows that 

Based on t h i s  heat load and a detector 
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AQ - 5- 31 mwPK.  Thus, f o r  the assumed detector heat load of 25 mu, a tempera- 
AT 
t u re  variation of 53.5OK i n  the nominal detector heat load corresponds to an 

allowable - + 15 mur variation i n  the nominal detector heat load of 25 mw. 

3 -4 Solid Carbon Dioxide Solidification Techniques 

As previously indicated if  sol id  carbon dioxide were t o  be produced by first 

liquefying carbon dioxide near its t r i p l e  point and then subcooling the 
carbon dioxide t o  a so l id  the carbon dioxide container would have t o  be 
a pressure vessel. 
at a pressure of3890 t o r r  (75 ps i )  and a temperature of U 6 O K .  
carbon dioxide container would have t o  withstand pressures of at least 5 
atmospheres. 
accurately maintained the container would have t o  be constructed t o  withstand 

considerably more than 5 atmospheres. Also, two cooling systems would be 

used i n  the servicing operation, a l iquid nitrogen system f o r  sol id  argon 
production, and another system f o r  production of a temperature near U 6  K 
for the sol id  carbon dioxide production. 

This is because the t r i p l e  point fo r  carbon dioxide occurs 

Thus, the 

Since it i s  doubtful whether a temperature of 216'K could be 

0 

In order t o  simplify the servicing techniques investigations were undertaken 

t o  determine whether high density sol id  carbon dioxide could be produced 
readily direct ly  from the vapor phase. In these experiments it w a s  found 
that a high density so l id  carbon dioxide could be grown direct ly  from the 

gas phase on l iquid nitrogen cooled walls of a Container with the carbon diox- 
ide 

This does not mean t h a t  outside these pressure 1 i m i . t ; ~  a high density sol id  

could not be produced, as t h i s  was the pressure deposition range investigated. 
The so l id  carbon dioxide density achieved i n  these eQeriments was 1.65 g/cc 

at 77 K which consares favorably with the measured density of carbon dioxide 
of 1.70 obtained under more carefully controlled conditions. 

gas pressure i n  the container maintained between 1/4 and 1 atmosphere. 

0 
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With the demonstration of the successful high density sol id  carbon dioxide 

growth d i rec t ly  from the vapor phase t h i s  method of production w a s  chosen 
for the  present design. 

heat exchanger is  located i n  the outer periphery of t h i s  container whereas 
the  carbon dioxide i n l e t  manifold is  located near the innermost section of 
the container. 
blocking the entrance manifold u n t i l  the  container i s  nearly full. 
practice the warm incoming gas also prevents any blocking of the  carbon diox- 

ide i n l e t  system. 
by the insertion of mylar tubing between t h i s  heat exchanger and other portions 

of the l iquid nitrogen servicing system. 

As can be seen i n  Figure 1 the l iquid nitrogen 

This is  t o  prevent the  growing solid carbon dioxide from 
In  

The l iquid nitrogen heat exchanger is thermally isolated 

3.4.1 Solid Carbon Dioxide Temperature Control 

As w a s  shown i n  Section 3.1.2 the thermal radiation from the sol id  carbon 
dioxide temperature surrounds to the sol id  argon i s  the principal heat load 
on the argon with the exception of the infrared detector heat load. 
the radiative heat load from the sol id  carbon dioxide temperature surrounds 
t o  the sol id  argon depends on the  fourth power of the absolute temperature 

of the surrounds it is  obvious that any substantial  reduction i n  the tempera- 
tu re  of the surrounds is extremely beneficial ,  

the sol id  carbon dioxide temperature attainable and theref ore the temperature 
of the radiative boundary surrounding the sol id  argon depends on obtaining 

very low va;?or pressure over the sol id  carbon dioxide. 
Section 3.1.2, the t o t a l  anticipated thermal loads on the sol id  carbon di-  

'oxide 

will be vented a t  a uniform mass flow rate over a period of one year. 
The pressure of the gas t o  be vented i s  simply the equilibrium vapor pres- 
sure of the sol id  carbon dioxide at i t s  equilibrium temperature, and th i s  

vapor is vented t o  zero pressure space conditions. 

plus the known properties of carbon dioxide gas allow the use of the modified 

form of Poiseuille's equation, 

Since 

A s  can be seen i n  Figure 4 

A s  was shown i n  

resul ts  i n  a requirement of 8.8 lbs. of sol id  carbon dioxide which 

These known conditions 

m 0 .= Tim4 P2 
256 E F L 



0.001 I I I I I I 
5 7 9 10 

1/T (OK) 

Figure 4. Carbon Dioxide Pressure vs. Temperature 

0 . 0 0 2 t  

21 



t o  compute the venting tube diameters and lengths required t o  maintain a 

given sol id  carbon dioxide temperature. 
fashion on the attainable sol id  carbon dioxide temperature as a function of 

venting tube geometry is presented i n  Figure 5. Keeping i n  mind that large 
venting tube diameters resu l t  i n  large openings i n  the multilayer insulation 
blanket with result ing loss i n  system thermal isolat ion it is apparent t ha t  
the venting tube diameter must be l imited t o  below approximately 1/2 inch. 
In fac t ,  i n  the present case the carbon dioxide venting tube diameter was 
chosen t o  be 3/8 in. This diameter w a s  chosen i n  order t o  introduce some 
clearance between th i s  venting tube and the other f i l l  and vent tubes and 
the detector rod within the 1.72 in. diameter support column. 

venting tube length is  approximately 8 inches, as can be seen from Figure 5, 
the anticipated carbon dioxide equilibrium should be 125OK. 

Information obtained i n  t h i s  

Since the 

3.5 Detector Mounting and Electr ical  Leads 

The mounting surface f o r  the infrared detector consists of a copper cap 
w i t h  a f l a t  upper surface f o r  mounting the detector. 
be mounted t o  t h i s  surface w i t h  a th in  layer of electrical. conducting epoxy 

resin t o  provide both good e l ec t r i ca l  and thermal contact. 
f o r  the infrared detector mounting is provided w i t h  a short threaded section 
extending from i ts  bottom surface. Corresponding threads have been tapped 
i n  the top of the copper thermal l i n k  leading t o  the argon container. 

th in  layer of indium metal or vacuum grease applied t o  the bottom surface of 
the detector mounting cap ensures good thermal contact between t h i s  element 
and the copper l i n k  when the cap i s  screwed i n  place. 
f o r  the detector mounting cap provides greater ease f o r  the detector mounting, 
The use of Evanohm w i r e  f o r  these leads reduces the t o t a l  heat leak via  t h i s  
path t o  the argon t o  below 0.5 MW. 

The detector would 

The copper cap 

A 

This removable feature 

To monitor the carbon dioxide teaperature the carbon dioxide container has 
two separate copper-constantan thermocouples mounted on it. 
four leads, two of 3 m i l  diameter copper and two of 3 m i l  diameter constant- 
tan, are used f o r  these two separate temperature sensors. 
used only t o  provide redundance i n  carbon dioxide temperature measurement 
c apab il i t y . 

Altogether 

Two sensors are 
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The detector temperature is  monitored using a calibrated platinum resist- 
ance thermometer. The calibration curve for the resistance thermometer is  

shown i n  Figure 6. 
manufactured by the Rosemont Engineering Co. It is 0.20 inches square by 
0.05 inches thick and is bonded t o  the copper thermal l i nk  ju s t  below the 
detector cap mounting point w i t h  a thermal conductive epoxy adhesive. 
dummy e lec t r i ca l  load t o  simulate the detector heat load is epoxied t o  the 

This platinum resistance thermometer is a Model 1 1 8 ~  

A 

top of the detector mounting cap. 
carbon resis tor .  

ance thermometer four lead techniques are u t i l i zed  f o r  the current and 
voltage measurements. 

wire 3 m i l  i n  diameter by approximately 30 in. long. 
is manufactured by the Wilbur B. Driver Co. has a thermal conductivity of 

0.152 w/cm K a t  room temperatures as compared t o  a thermal conductivity 

f o r  copper of 4.2 w/cm K a t  the same temperature. 

The dummy e lec t r i ca l  load used i s  a 20 KQ 
For both the dummy detector load and the platinum resist- 

The eight leads t o  these two elements are "Evanohm" 

'%vanohm" w i r e  which 

0 

0 

3.6 Refrigerator Service Module 

A schematic of the refr igerator  service module is shown i n  Figure 7. The 

vacuum chamber f o r  the refr igerator  i s  a ver t ica l ly  mounted cyl indrical  
s ta in less  s t e e l  container 22 inches long w i t h  an internal  diameter of 
l7-l/2 inches. 
is  a 1 inch thick aluminum plate.  
inch diameter O-ring seals  f o r  the  reentrant cryogen f i l l  and vent and 
l iquid nitrogen heat exchanger l i nes  and two 3/4 inch diameter O-ring 
seals f o r  headers f o r  the feedthroughs f o r  the leads f o r  the thermocouples, 
platinum resistance thermometer, and the d m y  detector load OG the 

refrigerator.  
for the  I r t ran  I1 window, a 3/4 inch diameter O-ring sea l  f o r  an ioniza- 
t ion  gauge f o r  determining the chamber pressure, plus a high vacuum 

valve fo r  bleeding the evacuated chamber t o  a i r  or t o  1 atmosphere of 

helium gas pressure. 
2 inch water cooled I\mC H-2-P Diffusion Pump and 2 inch water cooled chevron 
baffle,  plus a 5 cfm Welch 1402B mechanical vacuump pump. 
uum gate valve plus a 5/8 inch high vacuum valve on the low pressure side of the 

The removable top l i d  t o  which the refr igerator  i s  bolted 
This plate  is provided w i t h  four  1/2 

Also, i n  t h i s  top plate is a 1 inch diameter O-ring seal 

The vacuum pumping system f o r  th i s  chanber includes a 

A 2 inch high vac- 
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diffusion pump allows th i s  par t  of the vacuum system t o  be isolated 
during mechanical vacuum pump roughdown of the vacuum chamber. 
arm of t h i s  high vacuum system shown t o  the r ight  of Figure 7 is  used 
t o  evacuate the l iquid nitrogen heat exchanger l i n e  once the l iquid nitro- 

gen cooling operation i s  terminated. 
through the heat exchanger between the carbon dioxide and the warm 
refr igerator  surrounds and between the carbon dioxide and argon. 

A side 

This prevents gaseous heat t ransfer  

The carbon dioxide servicing system is  shown i n  the center and lower left-  

hand portions of Figure 7. Before introduction of carbon dioxide gas, i n  
a container f i l l i n g  operation, the en t i r e  manifold system and the carbon 
dioxide system i s  evacuated using the  Welch 1402B mechanical vacuum pump. 
Once l iquid nitrogen is  flowing i n  the heat exchanger c i r cu i t  t h i s  vacuum 
pump i s  isolated from the carbon dioxide manifold and carbon dioxide i s  

introduced iq to  th i s  manifold from the carbon dioxide storage bot t le .  
carbon dioxide f i l l i n g  pressure i s  coarsely regulated w i t h  the pressure 

regulator used on the carbon dioxide storage bo t t l e  while f i n e r  regulation 
of the container f i l l i n g  pressure is maintained w i t h  the thro t t l ing  valve 

i n  the manifold system. The carbon dioxide f i l l i n g  pressure i s  monitored 
with a 0 t o  30 psia  pressure gauge. The t o t a l  carbon dioxide gas flow at  
NTP in to  the carbon dioxide container is monitored using a Precision w e t  
test  gas meter. Moisture i s  removed from the carbon dioxide on the down- 
stream side of the wet t e s t  gas meter using a 3 foot  long column of calcium 

carbonate. Complete f i l l i n g  of the carbon dioxide container is indicated 
by zero gas flow through the wet test gas meter. 
ponds t o  a t o t a l  measured gas flow through the w e t  t e s t  gas meter of 2,460 1! 
which corresponds t o  9.33 lbs. of carbon dioxide i n  the refrigerator.  

P a r t i a l  f i l l i n g  of the container can be controlled t o  any mass of carbon 
dioxide by simply terminating the gas flow at a preselected point. 
f i l l i n g  has been completed the carbon dioxide storage bot t les ,  wet t e s t  
gas meter, and drying column are isolated from the carbon dioxide manifold. 
The w e t t e s t  gas meter used i n  the f i l l i n g  operation can then be trans- 
ferred t o  the downstream o r  high pressure side of the mechanical vacuum 

pump. 
a leak t i gh t  gas c i rcu i t  so that the w e t  t e s t  gas meter w i l l  measure the 

t o t a l  carbon dioxide outflow only. 

meter has been effected the valve between the vacuum pumping system and 
the carbon dioxide manifold is opened and pumping on the sol id  carbon dioxide 

The 

This condition corres- 

After 

The high pressure side of the mmhanical vacuum pump i s  provided with 

After the t ransfer  of the wet test gas 

26 



27 



i s  commenced. 

diffusion pump are required . For t h i s  operation both the mechanical fore  pump and a 

A t  125OK the C02 vapor pressure is 3.14 x ld2 mm Hg. In accordance w i t h  

the  design boil-off a t  t h i s  pressure the pumping speed required is 
1.02 P/sec. , Hcwever, i n  order t o  maintain a back pressure approximately 
2 orders of magnitude lower than the vapor pressure to simulate the  condition 
of space the required pumping speed a t  3.14 x 
This pumping speed requirement at such low pressures can't be m e t  w i t h  a 
mechanical pump. The unbaffled pumping speed of the  NRC H-4SP diffusion 

pump below ld3 mm Hg is  a t  300 l/sec. 
baff le  the pumping speed is probably reduced t o  about 200 R/sec. 
diffusion pumpfore pump system provides the required pumping capacity f o r  
maintaining a low carbon dioxide temperature. Ordinarily no carbon dioxide 
outflow is  noted f o r  15 days as the carbon dioxide temperature i s  i n i t i a l l y  
about 80°K and the thermal isolation of this  system is  such that it warms 
up only about 3OK or l e s s  per day. 
passes before the carbon dioxide vapor pressure r i s e s  suff ic ient ly  f o r  

mm Hg is  102 l/sec. 

In conjunction w i t h  a chevron 

So, t h i s  

Thus, a period of approximately 15 days 

. a flow t o  be noted. 

The argon servicing system is shown i n  the upper left-hand corner of 
Figure 7. Previous t o  the f i l l i n g  of the refrigerator container the 

refrigerator container and argon manifold are  evacuated u t i l i z ing  the 
mechanical vacuum pump. After both argon and carbon dioxide containers 
are evacuated w i t h  t h e i r  respective pumping systems; l iquid nitrogen 
t ransfer  into the refrigerator heat exchanger is commenced. Once l iquid 
nitrogen flow is established the vacuum pump is  isolated from the argon 

manifold and argon i s  introduced i n  t h i s  c i rcu i t  from the argon storage 

bot t le .  A s  i n  the case of the carbon dioxide f i l l i n g  system the manifold 

pressure i s  coarsely regulated w i t h  the pressure regulator used on the 

argon storage bo t t l e  while f ine r  regulation of the argon container is 
maintained with the throt t l ing valve i n  the manifold system. The argon 

f i l l i n g  pressure i s  maintained above 9.93 psia (514 t o r r )  by monitoring 
the argon pressure w i t h  a 0 t o  30 psia pressure gauge. The t o t a l  argon 

gas flow at  NTP is measured with a Precision w e t  t e s t  gas meter with a 
calcium carbonate column f o r  drying t h i s  gas placed on the downstream side 
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of the w e t  test gas meter, 
noted as a no flow condition as measured by the w e t  test gas meter. 
This complete f i l l  condition corresponds t o  a t o t a l  gas flow through the 

w e t  test  gas meter of 3,9711 or 14.1 lbs.  of argon i n  the refrigerator 
argon container. 
the downstream or high pressure side of the Welch 1402B mechanical vacuum 
pump t o  measure argon boiloff.  
meter is  effected the valve between the vacuum pump and the argon mani- 
fold is  opened and pumping on the argon is  commenced. 
50 K the vapor pressure is  0.15 torr .  
ponding t o  an argon lifetime of 1 year is  0,123 cc/sec. 
pressure of the 5 cfm Welch mechanical pump operating a t  this  gas flow rate 
is W O - *  tors .  This constitutes a reasonable downstream pressure although 
a lower pressure would be somewhat preferable. 

Complete f i l l i n g  of the argon container is  

After f i l l i n g  the wet t e s t  gas meter can be placed on 

After the t ransfer  of the w e t  test gas 

For so l id  argon at  
0 The argon boiloff at  IPTP corres- 

The dtimate 

4 .O 
The argon and carbon dioxide containers are basically cylindrical  structures 
with w a l l  thicknesses of 0.024 inches and end thicknesses of 0.036 inches. 
Both containers are constructed from 347 s ta inless  steel rolled sheet stock. 

The argon container i s  8.2 fnches i n  diameter by 5 inches high. 

the two 0,036 inch thick ends of this container has an identical  configured 
set of 10 holes formed i n  it. 
diameter copper thermal l ink  t o  the detector. 
and 10 there are two u n i f o d y  spaced se t s  of holes concentrically placed 
about the center hole f o r  tubes t o  reinforce the container. The inner s e t  
of holes are on a 2-3/8 inch diameter c i rc le  and the outer set of holes are 
on a 5-l/2 inch diameter circle.  
(three holes) of the outer set of holes are 1/4 inches i n  diameter and 
are f o r  1/4 inch diameter 10 m i l  w a l l  s ta inless  s t e e l  tubes, which are  used 
t o  reinforce t h i s  container. The other three of the s ix  holes on the outer 

c i rc le  are 3/4 inch i n  diameter and are f o r  3/4 inch diameter 10 m i l  W a l l  

s t a in less  steel tubes. They primarily 
serve as clearance holes f o r  the fiberglas reinforced epoxy support columns 
f o r  the argon container. 
the arbon container. 
diameter support column clearance holes a t  the bottom of the argon container 

Solid Cryogen Ref  r igerator Fabrication 

Each of 

The central  hole i s  f o r  the 1/4 inch 

As can be seen i n  Figures 8 

The inner set of holes and al ternate  holes 

These tubes serve a dual pursose. 

Also, these tubes ac t  as reinforcing members f o r  
In Figure 8 the headers a t  the ends of the 3/4 inch 
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can clear ly  be identified. These headers are ine r t  gas welded t o  the 

s ta inless  s t e e l  inser t s  epoxied t o  the in t e r io r  w a l l s  of the three glass 

fiber reinforced epoxy columns shown i n  Figure 12. The edges of the con- 
ta iner  ends, as w e l l  as the edges of the holes through the container ends 

are rounded approximately 90 degrees. This forms a w e l l  defined l i p  be- 
tween the tubes, the container outer w a l l  and the container ends so t h a t  

a good jo in t  is produced f o r  the ine r t  gas welding. The argon container 
cylindrical  outer w a l l  i s  formed from a single piece of s ta in less  s t e e l  
sheet whose ends were held butted together; then were tacked together with 

an e l ec t r i c  spot welder, and then were welded together w i t h  an ine r t  gas 

welder t o  form a welded but t  joint .  The in t e r io r  of the argon container 
w i t h  the internal  reinforcing tubes, the copper thermal l i n k ,  and the in- 
te rna l  heat exchangers f o r  the  thermal l ink  is  shown i n  Figure 9. 
internal  heat exchanger consists basical ly  of f ive  equally spaced 8 inch 
diameter pieces of 1/4 inch thick General Electr ic  copper metal foam w i t h  

a 0.060 pore size.  
pieces f o r  the thermal l ink  and reinforcing tubes, and the metal foam pieces 
are hard soldered t o  the thermal l i n k  and reinforcing tubes. The contact 
area between the thermal l ink  and the foam metal was increased by solder- 
ing s t r ip s  of 5 m i l t h i c k  copper f o i l  between the thermal l ink  and foam 

The 

Clearance holes are  d r i l l ed  through these foam m e t a l  

metal as can be seen i n  Figure 9. 
soldered t o  the outside of the argon container as can be seen i n  Figure 8 

A l iquid nitrogen heat exchanger is  

and 11. 
s ta in less  s t e e l  tubing. 
tubing, which w a s  first f i l l e d  with a low melting point metal a l loy 

Cerrobend t o  prevent tube w a l l  collapse i n  the bending operation, about a 
mandrel w i t h  a diameter 1/2 inch l e s s  than the diameter of the argon con- 

ta iner .  The heat exchanger was then spot welded t o  the outside of the 
argon container and then hard soldered t o  the container. The de ta i l s  of 

the top of the argon container are shown i n  Figure 11. The thermal l i nk  
leading t o  the infrared detector mounting surface is  seen extending from 
thecenter of the argon container. The platinum res i s tor  f o r  monitoring 
the  detector temperature can be seen epoxied t o  the side of the thermal 

l i n k  about one th i rd  the distance from the detector mounting surface t o  
the top of the argon container. 
vacuum sea l  between the top of the argon container and the thermal l ink.  

This heat exchanger consists of 5 turns of 1/4 inch diameter 
This heat exchanger w a s  formed by bending the 

A small s ta inless  s t e e l  bellows forms the 

This bellows takes up any dimensional differences occurring due t o  thermal 





contraction between the argon container and the portion of thermal l i n k  

internal  t o  the argon container during the cooling of the refrigerator.  
The argon f i l l  and vent tube entrance is  a 3/8 inch diameter tube which 
can be seen projecting from the top of the a 
of the thermal l ink i n  F i  11 

A f t e r  the  completion of the argon container 

gold plated t o  reduce the  absorbtance of the  container outer surface f 
infrared radiation. The completed argon c 
using helium mass spectrometer leak detector techniques before 
the gold plating process. 

The restraining system f o r  preventing excursion of the argon container 
under l a t e r a l  loads is  clear ly  shown i n  Figures 10 and 11. 

engages the  f iberglas reinforced epoxy columns , which extend from the  

carbon dioxide container i n  order t o  support the argon container, near the 

top of these columns i n  the v ic in i ty  of the carbon dioxide container, only 

This system 

when lateral loads are present. 
the two containers together under l a t e r a l  loads, causing the en t i re  
refr igerator  assembly suspended from the main refrigerator support column t o  
move as a unit. 

This system of restraining bars thus couples 

The carbon dioxide Container i s  shown i n  Figures 12, 13, and 14. 
container i s  annular w i t h  an inner diameter of 3 inches, an outer diameter 
of 9.2 inches, and a height of 4.25 inches. 

a hole of suff ic ient  diameter f o r  the clearance of the main support column 
for the refrigerator.  
diameter 10 m i l  w a l l  s ta inless  tubes equally spaced on a 6-1/4 inch diameter 
circle. Additionally, on the bottom end of the  carbon dioxide container 

there are three 1/2 inch diameter holes equally spaced on a 4-inch d imeter  
c i r c l e  f o r  the carbon dioxide gas f i l l  manifold. The container and l iquid 

nitrogen heat exchanger fabrication techniques f o r  the carbon dioxide con- 
t a ine r  are ident ical  t o  those used i n  the argon container manufacture. 

The carbon dioxide gas manifold was constructed by taking three 1/2 inch 

diameter t o  3/8 inch diameter reducer f i t t i n g s  w i t h  a 3/4 inch hexagonal 
nut at  one end and boring out a central  hole i n  the f i t t i n g s  t o  0.377 inches. 

Next the gas injection system internal  t o  the  carbon dioxide container 
was fashioned by taking 3 sections of 3/8 inch diameter 10 m i l  w a l l  stainless  

This 

"he inner diameter provides 

This container is reinforced with s i x  1/4 inch 
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steel tubing sealed a t  one end and s l i t t i n g  a nmber of openings i n  the 

w a l l s  of each tube. 

a modified reducer at  the hexagonal nut end. 
inserted in to  the 1/2 inch diameter holes a t  the bottom of the carbon 
dioxide container with the hexagonal nut on the in te r ior  of the container 

and the 1/2 inch diameter threaded section jut t ing out of the container and 
sealed in  place with hard solder applied t o  the in te r ior  side of the container 
end plate. 
spaced expanded copper foam m e t a l  heat exchangers hard soldered t o  its 
inter ior  w a l l s .  
holes f o r  the carbon dioxide gas f i l l  and vent manifold. 

Then the open end of each tube was hard soldered into 

Next these elements were 

The carbon dioxide container has three 1/4 inch thick equally 

These foam metal heat exchangers are provided with clearance 

The bottom container end plate is ine r t  gas welded t o  the rest of the con- 
ta iner  t o  complete the carbon dioxide container assembly. 
reducer section on the carbon dioxide manifold serves the dual function of 

The threaded 

i n l e t  and vent tubes f o r  the carbon dioxide gas and mounting studs for  the 

flange f o r  the main support column f o r  the refrigerator.  The aluminum mount- 
ing flange for  the main support column i s  5 inches i n  diameter by 1/4 of a n  
inch thick. 
a thru hole i n  the center of th i s  flange. 
column has been bolted t o  the carbon dioxide container the exterior sections 
of the carbon dioxide manifold system i s  hard soldered i n  place,This assembly 

i s  shown clear ly  in'Figure 12. 

t a ine r  and carbon dioxide manifold system th i s  ent i re  assembly w a s  vacuum 
leak tested using helium mass spectrometer leak detection techniques. 
support column flange has three equally spaced recessed sections on i t s  
outer edge for  clearance of the argon container support columns. These 

columns are epoxied t o  headers ident ical  t o  those used on the  argon con- 

tainer,  which are then ine r t  gas welded t o  the bottom of the carbon dioxide 
container at  equally spaced points on a 5 1/2 inch diameter c i rc le .  
positions of the support columns correspond t o  the recessed portions o f t h e  
support flange. 
t e rna l  diameters of 0.560 and 0.512 inches respectively. 
t h i s  arrangement are sham i n  Figures 12 and 14. 
the refrigerator i s  epoxied t o  the top of the  refrigerator support co1un;n. 
This aluminum flange is  6-1/2 inches i n  diameter by 3/8 inches thick. 
t h i s  flange and the 5-inch diameter flange at  the bottom of the support column, 

The main support column i s  epoxied t o  the in te r ior  surface of 
After the flange f o r  the support 

After completion of the carbon dioxide con- 

The 

The 

These columns are 7 inches long and have external and in- 
Complete de ta i l s  of 

The main.support flange for  

Both 
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which fastens t o  the carbon dioxide container, are provided w i t h  a 1/8 inch 

wide raised shoulder so that the t o t a l  length of the epoxy bond between 

the support column and the flanges i s  1 inch. 

with s i x  0.261 inch diameter clearance holes equally spaced on a 5-3/4 
inch diameter c i rc le  for mounting the refrigerator t o  the top p la te  of the 
vacuum chamber. 
Figure 15, which i s  a section of the argon f i l l  and vent line, is  soldered t o  
the top of the argon container as is shown i n  Figure 1. 

of 3/8 inch I.D. mylar tubing 7 inches long are epoxied t o  the argon and 
carbon dioxide f i l l  and vent systemso 

the in te r ior  of the refr igerator  up the inside of the main support colwnn 
as indicated i n  Figure 1. The headers a t  the bottom of the argon can are 
next i ne r t  gas welded t o  the s ta inless  steel sleeves at the ends of the 
t h e e  glass f iber reinforced epoxy columns which extend from the bottom of 
the argon container. 

completing the l iquid nitrogen circulation c i r cu i t  fo r  the internal  heat 

exchangers are soldered i n  place and 7 inch lengths of l/k inch I.D. mylar 
tubing are used t o  bring the l ines  for the  l iquid nitrogen circulation system 
up the in te r ior  of the main support column. 
the multilayer insulation system approximately 1 inch away from the argon 

container i s  shown i n  Figure 16. This framework i s  constructed from 1/16 
inch diameter s ta inless  s t e e l  tubing having a 10 m21 w a l l  thickness. The 

individual sections of the framework are bonded together using ine r t  gas 

welding techniques. A single layer of 1.5 m i l  copper f o i l  completely covers 

the exterior of this  framework and i s  used t o  provide a solid carbon dioxide 
temperature shroud for the argon containero 

copper f o i l  covering are firmly soldered t o  the  exter ior  of the carbon 
dioxide container both t o  support the framework and t o  provide good thermal 

The top flange is provided 

The s ta inless  s t e e l  and mylar tubing system shown i n  

Vertical  sections 

These mylar tubes communicated from 

Then the s ta inless  steel and mylar tubing sections 

The framework used to support 

Bot'n t h i s  framework and the 

contact between the copper f o i l  and the solid carbon dioxide. 

i s  shown i n  Figure 18. 
refrigerator thermal design a f loat ing radiation shield i s  located between 

t h i s  frarnework and the argon container. 
radiation shield is  accomplished by also supporting it with a framework of 

1/16 inch diameter s ta inless  s t e e l  tubing. This framework i s  indicated i n  

Figure 17. 
is  constructed from pieces of 1.5 m i l t h i c k  copper f o i l  which are bonded 

together and also t o  the framework usins s o f t  solder. 

This system 
As previously indicated i n  the discussions of the 

Structural  r ig id i ty  i n  the f loat ing 

Again, the f loat ing radiation shield sup-oorted from t h i s  framework 

Openings are provided 
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Figure 18 Top View Uninsulated 
Refrigerator Assembly 

Figure 20 Side View Insulated 
Refrigerator Assembly 

Figure 19 Side View 
Refrigerator Assembly 

Figure 21 Refrigerator Service Module 
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i n  t h i s  f loat ing radiation shield f o r  the argon container support columns, 

argon f i l l  and vent l ine,  the thermal l i n k  t o  the detector, and the  l iquid 

nitrogen heat exchanger l ines.  This f loat ing radiation shield i s  held i n  
place between outer shroud and the argon container with a system of nylon 
thread supports. 
the shroud and radiation shield framework,. 

are designed t o  contact the container under lateral accelerations. 
completion of the ref rigerator assembly and before application of a m u l t i -  

layer insulation blanket about the refrigerator,  the  ent i re  refr igerator  
w a s  leak tes ted using helium mass spectrometer leak detection techniques. 

Vibration suppressors made of tef lon are attached t o  
These vibration suppressors 

After 

The multilayer insulation system was then applied a f t e r  the foregoing 
refrigerator construction phases had been completed. 

of intermediary, i.e., Dexiglas, insulation was provided between the 

refrigerator insulation penetration, i.e., the main support column, and 

the multilayer insulation.system. This intermediary insulation zone i s  

obtained by sp i ra l ly  wrapping a 1/4 inch thickness of Dexiglas about the 
glass filament wound epoxy reinforced refrigerator support column between 
the top of the carbon dioxide container and the top of the column. 

A 1/4 inch wide zone * 

This sp i r a l  covering of Dexiglas paper was wrapped loosely t o  reduce solid 
phase thermal conduction between the refr igerator  support column and the 

edge multilayer insulation system; approximately 1 2  layers of Dexiglas were 
used f o r  the 1/4 inch intermediary insula,tion layer. 
t he  3 inch diameter center hole i n  the carbon dioxide can and the 1.86 in. 
diameter refrigerator support column was insulated w i t h  approximately 
20 layers of double aluminized mylar-Tissuglas insulation having a width 
equal t o  the height of the carbon dioxide container. 
t ion  system f o r  the  refrigerator exter ior  i s  applied by sp i ra l ly  wrapping 

150 layers of double alaxinized mylar radiation shields with Tissuglas 
spacers i n  a two inch thick blanket about the outside of the refrigerator.  

This blanket is  applied using a continuous length of insulation anti the 

ends of the 36 inch d d t h  of insulation applied overhang t o  the top of the 

carbon dioxide container and the bottom of the argon container equally. 

The annulus between 

t 

The muliilayer insula- 

*Ivhnufactured by the Dexter Faper Co. 

'Manufactured by the American Fachine & Foiindry Co. 
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The ends of the insulation system are  applied over the top of the carbon 

dioxide container and the bottom of the argon container using a displaced 

gore application technique, 
insulation layers are  taken ten at  a t i m e  s ta r t ing  with the innermost layers. 

Triangular sections are cut out of these overhanging insulation layers so 
tha t  the apex of the  tr iangular cuts terminates a t  the refr igerator  top or 
bottom depending on whether the overhanging layer i n  question is at the 
refrigerator top o r  bottom. 
are serrated i n  t h i s  process so tha t  when they are  folded over on the top 
of bottom of the refrigerator they bu t t  nicely along t h e i r  edges leaving 
no gap. !Be ends of the tr iangular serrations i n  the insulation edges at  
the top of the refrigeration are truncated approximately 1 inch back from 

In  t h i s  technique the overhanging ends of the 

The edges of the overhanging insulation layers 

t he i r  vertex so the ends w i l l  conform to  the  Dexiglas covered main support 
column. 
top edges are taped together with small pieces of adhesive backed mylar tape. 
After each 10 layers of the serrated insulation ends have been taped across 
the top o r  bottom of the refrigerator they are covered w i t h  a disk of 

Tissuglas paper. 
The serrat iotx i n  the next set of layers are displaced so that  any gaps 
along the edges of the serrations i n  these layers w i l l  not; view gaps i n  the 
former insulation layers. 

hot insulation layers from viewing cold insulation layers, and thereby 
results i n  a significant improvement i n  multilayer insulation system per- 

formance. 
thermocouples, the platinum resistance thermometer, and the dummy infrared 
detector load res i s tor  are worked out from the in te r ior  of the refrigerator 
through the gores of the insulation. This serves t o  thermally ground these 
leads t o  the various layers i n  the  insulation, and thereby reduce heat 

leaks t o  the cryogens via these leads. This is  because thermal energy added 
t o  reflecting shields i n  the insulation systems tends t o  be rejected from 
the insulation blanket. The radiation heat flow encounters less resistance 
i n  flowing out of the insulation than i n  flowing toward colder insulation 
layers 

After the serrated insulation layers have been folded down t h e i r  

This provides a smooth surface f o r  the next set of layers. 

This displaced gore technique prevents re la t ively 

A t  the top of the refrigerator the e l ec t r i ca l  leads from the 

After the insulation wrap is  completed the area of the wrap about the pene- 

t ra t ion  is covered with approximately a 1-inch thickness of 5 inch diameter 
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Tissuglas disks. 

hole so tha t  they f i t  t i gh t ly  on the fiberglas support tube. 
serve t o  protect the penetration area from radiation fro% the refrigerator 
surrounds. 

After the multilayer insulation blanket on the refrigerator w a s  completed 
the insulation of the in te r ior  of the main support column w a s  in i t ia ted .  
Since any insulation i n  the neck tube area blocks the most d i rec t  path f o r  
evacuating the in te r ior  of the refrigerator,  two 3/8 inch diameter mylar 
tubes are inserted into the neck tube having suff ic ient  length t o  penetrate 
through the subsequently applied neck tube insulation system t o  provide a 
high conductance betveen the evacuated volume about the argon container 
and the vacuum environment exterior t o  the refrigerator.  In this  system the 

neck tube i s  simply f i l l e d  w i t h  3-inch thick layer Dexiglas insulation which 
has been cut into small pieces approximately 1/4 inch on a side. 

completes the basic assemb’ly of the sol id  cryogen refrigerator. 

pleted system shown i n  Figure 20. 

The disks have approximately a 1-3/4 inch diameter center 

Tnese disks 

This step 
The con- 

5.0 Solid Cryogen Refrigerator Characteristics Tests 

5.1 Solid Cryogen R e f  r igerator Thermal Characteristics Tests 

For thermal tes t ing  the refrigerator is mounted i n  the vacuum chamber on 
i ts  serving uni t  and the vacuum chamber i s  evacuated t o  a pressure of approxi- 
yately 5 x lo-* torr .  This system is shown i n  Figure 21. 

layer insulation system on the refrigerator has a rather low gaseous conduct- 
ance and also outgasses rather vigorously the i n i t i a l  pumpdown of the refrigerat-  
or takes f roa  1 2  t o  24 hours. 

Since the m u l t i -  

This pumpdown t i m e  appears t o  depend strongly on 
the amount of water vapor which has been absorbed by the insulation system. 
Once a low vacuum chamber pressure has been obtained, and the argon and carbon 
dioxide containers have been evacuated, then l iquid nitrogen circulation 
throush the refrigerator heat exchangers i s  commended. 

F i l l  tests carried out with the refr igerator  indicate that using the cryogen 
f i l l i n g  techniques discussed in  Section 3.6, on the refrigerator servicing 

module, a complete f i l l i n g  operation results i n  a mass of 14.1 lbs.  of argon 



and 9.33 lbs.  of carbon dioxide i n  the refrigerator. 
volumes of 3770 cc and 2613 cc f o r  the argon and carbon dioxide containers 
respectively the density of the sol id  cryogens obtained i n  the refrigerator 
are respectively 1.695 g/cc and 1.655 g/cc or respectively 99.7 and 97.3 per 
cent of the accepted maximum densit ies of argon and carbon dioxide a t  l iquid 
nitrogen temperature. 
the weight and thereby the volume of water required t o  completely f i l l  the 

containers. 
the refrigerafar i n  a complete f i l l i n g  operation are 3,971 f 
pectively. 
4 hours. 

Using the measured 

"he container volumes were determined by measuring 

The corresponding volumes of argon and carbon dioxide metered into 
and 2,4601 res- 

The time required f o r  the basic f i l l i n g  operation is  approximately 

The i n i t i a l  tests on the thermal performance or  cooling l ifetime of the sol id  

cryogen refrigerator system .were quite disappointing. 
insulation blanket used on the refrigerator w a s  a layer of approximately 

160 layers of a double aluminized mylar-Dexiglas insulation zpplied i n  a 
blanket approximately 2 inches thick. The results of these tests can be 

summarized simply as follows. 
full, and these cryogens at  their  operating temperatures, the heat loads on 

the cryogens determined from the cryogen boiloff ra tes  were 92.5 and 235 
milliwatts respectively. 
ide container f i l l e d  w i t h  carbon dioxide a t  operational temperature the 
argon container remained a t  the carbon dioxide temperature and the  t o t a l  
heat leak t o  the carbon dioxide was 318 milliwatts. 
mated very closely the t o t a l  heat leak t o  both containers i n  the first t e s t  
327.5 m i l l i w a t t s .  
the empty argon container remained at  the carbon dioxide temperature the low 
carbon dioxide boiloff i n  the f irst  t e s t  was actually due t o  a strong thermal 
coupling between the two cryogen containers. 

i n  cooling the carbon dioxide. 
refrigerator was three times that predicted i n  the t h e d  design the 
thermal performance i n i t i a l  aluminized mylar-bxiglas insulation wrap w a s  

quite poor. 
duct ivi ty  value achieved. 
ments of the emittance of the alum5nized mylar radiation shield material ;sed 

i n  the above tests t h a t  the material had an emittance vzrying from .055 t o  .06 

In these t e s t s  the 

With both argon and carbon dioxide containers 

With the argon container empty and the carbon diox- 

This heat leak approxi- 

Since the t o t a l  heat le& in  both cases is the same and 

The argon was being expended 

Also, since the t o t a l  heat leak in to  the 

There are  two explanations f o r  the poor insulation thermal con- 
F i r s t ,  it was determined from post-test measure- 
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whereas the emittance of good samples of aluminized mylar should be .O3. 

This higher emittance value would increase the heat flow through a m u l t i -  

layer  insulation systemby 25 per cent. 

that  the insulation wrap had a higher layer density than the optimum value. 

This would lead t o  even more severe problems were the edges of the insula- 
t i on  gores folded over since here the insulation tends t o  be loca l ly  com- 

pressed. A s  can be seen from Figure 22 the multilayer insulation thermal 

conductivity f o r  a double aluminized mylar-Dexiglas insulation system r i s e s  
qui te  rapidly with increasing layer  density. 

Second, there is  some evidence 

As a result of the above tests it w a s  c lear  that  f irst  the mode of strong 
thermal coupling between the argon and carbon dioxide containers had t o  
be determined and removed, and second, the thermal effectiveness of the 
multilayer insulation wrap needed t o  be s ignif icant ly  improved. It w a s  

obvious from the degree of thermal coupling between the argon and carbon 
dioxide containers tha t  a conductive heat path was involved. 
ollations indicated tha t  neither radiation or residual gas heat t ransfer  

Simple cal- 

could account f o r  the heat fluxes involved. 
and radiation shields from the refr igerator  it was observed that the m e t a l  
section of the argon container f i l l  l i n e  s l i gh t ly  above where it emerges 
from the argon container was i n  contact with the main refr igerator  support 
f lange located a t  the bottom of the argon container. 

source of heat t ransfer  into the argon container was through the LN2 heat 

exchanger l ine .  
downcould cause the LN 
argon container t o  come into contact w i t h  the CO manifold. This would re- 
s u l t  i n  an effective heat t ransfer  path of only approximately 3 inches f o r  
the 1/4 inch O.D. 10 m i l  w a l l  s t a in less  s t e e l  LJ!7 
were perfect it would be possible t o  t ransfer  some 46 m i l l i w a t t s  in to  the 

argon container, The argon and l iquid nitrogen heat exchanger l ines  were 
therefore redesigned i n  order t o  improve the clearances between these l i nes  
and the refr igerator  components and also t o  reduce t h e i r  thermal conductiv- 
i t y .  

description of the refr igerator  fabrication. 
a t t r ibu tes  of the present system are i n  order here. 

Upon removing the insulation 

Another potent ia l  

It appeared possible t h a t  thermal contraction during cool 
l i n e  going d i rec t ly  from the neck section t o  the 

2 

2 

l ine .  If the contact 2 

This redesigned system is  the system described i n  Section 4.0 i n  the 

However, an emphasis of the  

The 3/8 inch nominal 
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Figure 23 Detector Temperature vs .  Time. 
Time origin referred to commence- 
ment of pumping on argon. 
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diameter mylar argon f i l l  and vent tube coming down the main support 

column makes a t ransi t ion t o  a 1/2 inch diameter stainless s t e e l  tubing, 

This tubing section then makes a 90' bend and passes between the argon 
and carbon dioxide containers above the f loat ing radiation shield t o  the 

outer edge of the carbon dioxide container. 
makes a 180' turn and passes beneath the radiation shield pa ra l l e l  t o  the 

argon container more than half-way across the container t o  the point 
where it turns 90' and is  joined t o  the container. 
of t h i s  tubing both above and below the radiation shield are made of 
mylar t o  reduce the sol id  phase heat trans2ort  along th i s  tubing. 
l iquid nitrogen heat exchanger l ine  w a s  rerouted w i t h  suff ic ient  clearance 
so that thermal shorts could not develop between the argon and carbon 
dioxide containers, 

nitrogen l ines  t o  fur ther  reduce sol id  phase heat t ransfer  along these 
l i nes  between containers. 

A t  t h i s  point t h i s  section 

The s t ra ight  sections 

The 

Extra mylar sections were also added i n  these l iquid 

In t h i s  reconstruction the refrigerator was insulated with a two inch insula- 

t i on  thickness consisting of 1-50 layers of a newly developed LMSC high 
performance multilayer insulation applied i n  a two-inch thick blanket. 
This improved insulation system u t i l i ze s  Tissuglas* a 0.6 m i l  thick sub- 

micron-size unbonded borosil icate glass f iber  m a t  material which i s  similar 

t o  the Cexiglas radiation shield spacer material used i n  the ea r l i e r  

ref r igerator insulation wraps, except for the greater thickness (2.8 m i l s  1 
of the Dexiglas sheets. This means tha t  a t  an equivalent radiation shield 

density (shields/in), tha t  the interlayer contact resistance or sol id  con- 
duction term should be decreased over the Dexiglas case w i t h  the application 
of Tissuglas spacer material due t o  the lower "compression" of the insulation 

system, 
of the two systems shown i n  Figure 22. Also, the thermal conductivity of 
t h i s  insulation system is not as sensit ive a function of layer density as 
the double aluminized mylar-Dexiglas insulation system. Thus, the  thermal 
conductivity of t h i s  insulation system should not be as sensit ive t o  loca l  
compressions i n  the fo ld  areas of the insulation gores. 
excellent thermal performance of t h i s  insulation system were borne out i n  
the refrigerator thermal tes t s .  

This is supported by the cryostat data on the thermal conductivity 

A s  will be seen the 

"Manufactured by the American Vachine & Foundry (20- 
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Upon completion of these modifications the refrigerator pa r t i a l ly  f i l l e d  
with 2060 g of carbon dioxide (4.54 lbs)  and 3050 g of argon (6.74 lbs). 

This corresponds t o  the refrigerator being approximately 50 per cent 

charged with respect t o  its t o t a l  carbon dioxide and argon capactiy. The 
pa r t i a l  f i l l  was made so tha t  the characterist ics over a f i l l i n g  lifetime 

of the refrigerator could more readily be evaluated, i n  a reasonable period 

of time. 
of approximately 4 hours, using a continued l iquid nitrogen flow, was re- 
quired t o  cool the en t i re  mass of sol id  argon down t o  l iquid nitrogen temperature. 
When subcooling of the sol id  argon t o  l iquid nitrogen temperature had been 

After the f i l l i n g  operation had been completed, a cooling period 

completed the l iquid nitrogen flow through the internal  heat exchanger 

w a s  terminated and th i s  system was evacuated. 
thernlal contact between the sol id  argon and sol id  carbon dioxide via  gases 

trapped i n  the nitrogen heat exchanger 

This latter step prevents 

system. 

Direct pumping of the argon was thence comaenced u t i l i z ing  the 5 cfm mech- 
anical  vacuum pump i n  the refrigerator servicing module. In  Figure 23 the  
argon cooling curve is indicated, with the t i m e  origin referred t o  the 

i n i t i a l  beginning of the argon vapor pumping operation. 
hours were required t o  reach steady s t a t e  temperature conditions ( 51.goK) 
But within 4 hours after the in i t i a t ion  of the pumping operation the 
detector temperature w a s  within 2 K of i t s  f i n a l  operating temperature. 
A 2OoK 
detector serves as the d m y  detector heat load. 
dissipated i n  t h i s  element .is determined by using standard 4 w i r e  techniques 
and a k e d s  & Northrup K-3 potentiometer fo r  the current and voltage deter- 
minations. 
load, the argon boiloff a t  NTP i s  0.135 cc/sec which corresponds t o  a t o t a l  
heat load on the argon of 44.8 mw. 
radiation from the refrigerator surrounds. 
a 1 inch dia-eter copper disk which was located jus t  over the top of the 

detector mount t o  200 K using cold circulating nitrogen gas. With th i s  

cooled disk i n  place the heat load on the.argon w a s  reduced t o  29.1 mw. 

The or iginal  heat load predicted on the basis of the refrigerator t h e m a  
design from the inmediate surrounds of the argon container was 1 5  mw, EO 

that larger heat leaks t o  the argon container were experienced than had 

Approximately 24 

0 

carbon res i s tor  fastened w i t h  an epoxy adhesive t o  the infrared 
The e l ec t r i ca l  power 

With no e l ec t r i ca l  power dissipation i n  t h i s  dummy detector 

15.7 mw of this t o t a l  heat load is 

This was determined by cooling 

0 
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original ly  been predicted. 

gold pl-ating operation had been done on the argon container so tha t  i t s  

emissivity was 0.05 t h i s  would account f o r  the additional heat leak. 

analysis w a s  made of the argon boiloff as a function of the temperature 
of the carbon dioxide during the time period when the carbon dioxide w a s  
warming up from a temperature of 80 '~  t o  i t s  f i n d  operating temperature 

of l2g0K.  

It should be indicated, f o r  example, i f  a poor 

An 

The analysis indicates that approximately 19.2 mw of radiative 
heat transfer ex is t s  between the carbon dioxide and argon containers at  
the carbon dioxide operating temperature. 
heat t ransfer  over the design goal (see Table 1) accounts f o r  most of the  
additional observed heat t ransfer  t o  the argon container. 
additional heat t ransfer  could undoubtedly be eliminated w i t h  more care i n  
the gold plating operation and if the l iquid nitrogen heat exchanger geo- 
metry on the outside of the argon container were changed t o  eliminate inter-  
reflection of radation. 

Won of incident thermal radiation. 

The additional 9.2 mw of radiant 

This 

These interreflections resu l t  i n  increased absorp- 

In terms of the or iginal  design goal of 25 mw of detector heat load (15 mw 
of I R heating plus 10 mw of radiation load) and f o r  the originally planned 

mass of sol id  argon (13.7 lbs)  the sol id  argon lifetime would be 8 months. 

Using the maximum mass of argon that the refr igerator  w i l l  hold (14.4 l b s )  

a t o t a l  detector heat load of 17.6 mw could be sustained. 

present refrigerator system located i n  i t s  vacuum chamber the radiant heat 

load on the detector from the surrounding hohlraum cavity contributes 15.7 
mw f o r  a properly designed telescope system,this heat load would be below 

5 mw and the allowable detector bias  current electrical. power dissipation 

would be above 11 mw. 

2 

Although w i t h  the 

Carbon dioxide boiloff w a s  not observed u n t i l  the 15th day after the f i l l -  

ing of the refrigerator.  
tu re  rose from approximately 80 K t o  i t s  f i n a l  equi1.ibriu.m temperature of 
l29'K. 
than the or iginal  125'K design goal. 
equilibrium conditions is 0.069 cc/sec which corresponds almost exactly 
t o  a one year lifetime f o r  the or iginal  design goal of 8.8 lbs of sol id  

During this time the sol id  carbon dioxide tempera- 
0 

This f i n a l  carbon dioxide equilibrium temperature i s  4OK higher 
The carbon dioxide boiloff under 
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carbon dioxide f o r  1 year's operation. 
dioxide under these conditions i s  75 mw. 

The t o t a l  heat load t o  the carbon 

Several experiments have been performed on the degree of detector temperature 
regulation under varying detector heat loads. 
data indicates that the change i n  detector temperature w i l l  be .028OX/mw 

under varying heat loads. 
with the or iginal ly  predicted detector regulation. 
however, that t h i s  data  was taken under conditions i n  which there is good 

thermal contact between the  so l id  argon and the detector heat exchanger 
located i n  the argon volume. 

ance of the argon system near the end of the argon cooling lifetime the 
e l ec t r i ca l  heat load t o  the argon w a s  increased t o  240 mw u n t i l  only 0.5 

lbs of argon remained. 

argon f i l l  (13.7 lbs) remaining, 

A careful analysis of t h i s  

"his l a t t e r  temperature regulation agrees w e l l  

It should be noted, 

I n  order t o  investigate the thermal perform- 

This corresponds t o  3.65 per cent of a complete 

A detector 1% heating load of 25 mw was 
then re-established. 

temperature was 52.6OK compared t o  the orfginal value of 51.goK. 
detector temperature regulation under vaq ing  t h e m 1  loads under these 
conditions was determined t o  be 0.037°K/mw. 

Under these conditions the detector operating 
Also, the 

5.2 Solid Cryogen Refrigerator Vkchanical Characteristics Tests 

As has been previously discussed a filament wound f iberglas  epoxy rein- 
forced support column ident ical  t o  the column used i n  the present refr igerator  
un i t  w a s  tes ted f o r  i ts  s t ruc tura l  strength characterist ics under s t a t i c  test 
conditions. 
from a s t ruc tura l  point of view. 
column indicated tha t  w i t h  the column design chosen the column strength i s  

suff ic ient  t o  m e e t  the required column tens i le  and shear loads which corres- 

pond t c  acceleration of the t o t a l  refr igerator  mass of 30 g ' s  parallel t o  
the column and 10 g's l a t e r a l  t o  the column. However, i n  compression t'ne 
colurnn would support only the equivalent of a 1 5  g acceleration of the refrig- 

erator.  
of the reported t e n s i l e  strength of filament wound epoxy impregnated materials 
tha t  the f a i lu re  i n  the present sample column i n  tension w a s  due t o  s t ructural  

The main support colunn is  the  most c r i t i c a l  refrigerator element 
Tests performed on t h i s  sample support 

As w a s  discussed i n  Section 3.1.1, however, it is f e l t  on the basis 
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imperfections. Thus, a quality assurance program should result i n  columns 
having the same dimensions as those 

meeting the cr i ter ion of being able 

acceleration of the mass of present 

In order t o  define the magnitude of 

used in  the present refr igerator  un i t  

t o  support a load equivalent t o  a 30 g 

refr igerator  i n  compression. 

the accelerations the present un i t  I 
should have t o  withstand a 1 g low l eve l  resonant survey over the fre- 
quency range 35 cps t o  3000 cps w a s  performed. 
were f i l l e d  with gelat in  and loaded on the outside with a uniform weight 
dis t r ibut ion of sheet lead t o  simulate the cryogen and insulation weights. 
The refr igerator  was mounted horizontally t o  the head of a Calidyne shake 

table w i t h  a 90" angle 1 inch thick aluminum frame which w a s  bolted and 
welded t o  form a r ig id  structureo 
mounted with its axis normal t o  the axis of the refrigerator (normal t o  the 
shake table head) on the Outside of the carbon dioxide container 1 inch 
from the bottom of t h i s  container. 

ehrough a constant gain amplifier t o  an X-Y plot ter .  
Figure 24 where the accelerometer output is shown as a function of frequency 

from 35 cps t o  3000 cps. 
significant resonance points are present. 

The refrigerator containers 

A 0 t o  10 g Endevco accelerometer w a s  

The acceleroneter output w a s  fed 
This data is shown i n  

It i s  clear  t h a t  over t h i s  frequency range no 

Section 6*0 Summary, Conclusions, and Recommendations 

In Table 3 the anticipated characterist ics of the sol id  cryogen refrigerator 
un i t  are compared t o  the measured characterist ics of the present unit. 

In general, the correlation between the predicted characterist ics and the 

measured characterist ics are quite excellent. Although the or iginal  design 

might be characterized as being optimistic, it is obvious tha t  a uni t  can 
be constructed tha t  closely approximates the design goal. Further, there 

is l i t t l e  doubt t ha t  on Yne basis  of what has been learned with tests on 
the  present uni t  tha t  the design goals could be met completely. 

In  the present study it has been conclusively demonstrated that a very simple 
servicing technique can be u t i l i zed  f o r  the production of maximum density 

argon and carbon dioxide i n  a refrigerator system. This technique izvolves 
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Table 3 
Predicted VS. Measured Characteristics of Solid 

Cryogen Refrigerator 

Detector Operating 
Temperature 

Argon Lifetime 

Allowable Detector 
Heat Load 

Carbon Dioxide 
Temperature 

Carbon Dioxide 
Lifetime 

Heat Leak t o  
Argon 

Heat Leak t o  
Carbon Dioxide 

Refrigerator 
Weight Including 
Cryogens 

Predicted 
Value 

50°K 

1 year 

25 mw 

125OK 

1 year 

1 5  mw 

76 mW 

29.9 IbS 

Measured 
Value 

52'K 

1 year 

17.6 mw 

1 S o K  

1 year 

28.6 mw 

74 mw 

34.1 lbs 



the  introduction of 
refrigerator within 

gaseous argon and carbon dioxide i n  the sol id  cryogen 
a specified sub-atnospheric pressure range along with 

the circulation of l iquid nitrogen through heat exchangers within the 

refrigerator unit. 

technique allows the same tubes t o  be used both as f i l l  and vent l ines .  

Tbe cryogen f i l l  and sol idif icat ion operation requires a t o t a l  of about 
8 hours; 4 hours are required t o  complete the  fill operation while approxi- 

mately 4 additional hours are required t o  completely sol idify the argon 

and subcool the sol id  t o  l iquid nitrogen temperature. After the in i t i a t ion  
of a pumping operation on the 80 K sol id  argon 2 hours are required t o  cool 

it t o  within 2OK of i t s  f i n a l  operating temperature of 51.9OK. Altogether 
a 24 hour pumping operation is  required f o r  the argon temperature t o  reach 
the  equilibrium value of gl,g0K. 

The use of a gaseous argon and carbon dioxide f i l l i n g  

0 

The passive detector temperature regulation system used i n  the present 
refrigerator results i n  a detector temperature change of 0.028 K per m i l l i -  

w a t t  variation i n  the detector heat 1oa.d. As the  argon i n  the refrigerator 
i s  exhausted there is  a d r i f t  i n  the detector operation temperature, as 

w e l l  as the detector temperature regulation. With approximately 3 per cent 
of the argon l e f t  i n  the refrigerator the detector operating temperature is 

52*6% and the detector tem,nerature changes 0.037 K per milliwatt change 
i n  the detector heat load. 

0 

0 

The thermal capacity of the t o t a l  masses of argon and carbon dioxide are  

rather large i n  terms of the heat loads on these cryogens. In fac t ,  the  
carbon dioxide temperature rises approximately 3 K per day fron i t s  i n i t i a l  
temperature of 80 K, irmediately at  the completion of the f i l l i n g  operation, 

t o  i t s  f i n a l  operating temperature of 129 K. 
17 days results in  which no carbon dioxide venting i s  required. The argon 

temperature under a no venting condition would only rise approximtely 1 K 
per day, 
of sub-cooling below t h i s  point the argon could remain unvented and i n  a 
sol id  s ta te .  

not only auring the spacecraft boost phase, but also, f o r  several days of a 
spacecraft and ground hold phase. Introiiuction of gaseous helium in to  the 

vacuum space surrounding the re f r i se ra tor  uni t  results i n  complete boiloff 

of the cryogens i n  the refr igerator  i n  less than 4 hours time. 

0 

0 

0 A period of approximately 

0 

0 Since the t r i p l e  point of argon i s  a t  83.9 K f o r  each degree Kelvin 

Thus, the present refr igerator  is capable of remaining unvented 



The structure of the present refrigerator un i t  has been designed t o  

withstand spacecraft boost acceleration and vibration. 
performance of t h i s  uni t  should be ident ical  t o  tha t  of a f l i g h t  model. 

This is  a very important consideration as the  structures required t o  with- 
stand the stringent spacecraft boost vibration and acceleration environment 
do not possess good t h e d  characterist ics i n  terms of thermal isolat ion 

requirements. 
a b i l i t y  under test of a representative main support column t o  withstand a 
load greater than tha t  equivalent t o  a 15 g load on the refrigerator unit. 
This column did support the required loads of 30 g ' s  under tension and 10 g ' s  

under lateral loads. However, on the basis of the reported properties of the 

glass  filament wound epoxy support structure used this  column should support 
30 g ' s  i n  compression with a reasonable safety factor.  
columns w i t h  possible s t ructural  imperfections were apparently the problem 

i n  the present system. 

Thus, t he  thermal 

The only weak l ink  i n  the refrigerator structure was the in- 

Poorly manufactured 

The weight of the present uni t  could have been reduced without any changes 

i n  the materials used i n  the construction i n  the following manners. 
weight of solder used t o  join the external l iquid nitrogen heat exchangers 

t o  the argon and carbon dioxide cans was 1.53 lbs. This weight could be 

eliminated ent i re ly  by placing the heat exchangers inside the containers 
i n  mechanical contact w i t h  the exter ior  w a l l  of the container. 
t h i s  procedure would result i n  smooth exterior container walls thereby de- 
creasing the absorbtance of these w d s  f o r  thermal radiation by eliminating 
possible interref lect ion of t h i s  radiant energy. 
themselves have a t o t a l  weight of 1 lb. 

having a 10 mil w a l l .  

m i l s ,  a weight saving of 0.7 lbs. 

a present weight of 1.5 lbs could be reduced i n  weight a t  least 0.6 lbs 

without reducing their  structural. characteristics. 
duce the present system weight approximately 2.8 lbs. 

leave the basic refrigerator w e i g h t  l e s s  cryogens at  about 10 lbs. 

The 

Additionally, 

"he heat exchanger tubes 
These tubes are s ta inless  s t e e l  

Their w a l l  thickness could easi ly  be reduced t o  3 
The flanges f o r  the main support column w i t h  

These measures would re- 
These measures would 

The next possible weight reduction would be fabrication of the cryogen 

containers and internal. foam heat exchangers from aluminum which would re- 

duce the system weight by approximately 3 lbs.  

l y  29 lbs f o r  the present detector cooling requirements would appear t o  be 

A system weighing approximate- 
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as l i g h t  as is  feasible.  

a la ten t  heat of vaporization almost exactly equal t o  tha t  of argon, that  

the  present system u t i l i z ing  methane instead of argon as the primary 
coolant would have the same detector cooling l ifetime as the present un i t  

f o r  ident ical  detector heat loads. 
density approximately l/3 t h a t  of argon (See Table 4 f o r  a comparison of 
the properties of methane and argon) . 

It should be indicated tha t  since methane has 

On the other hand, methane has a 

Latent Heat of 
Sublimation 
( cal/cm3 

82.6 

Table 4 

Comparison of Properties of Argon and Methane 

Densi3y (g/cm 1 

1.711 Argon 

Methane 

Operating Temperature 
i n  Present Refrigerator 

52OK 

65OK 

Thus with methane the weight of the present system would be reduced 9 .1 lbs .  

The same amount of detector cooling capacity would be available as w i t h  

the argon uni t  but, the detector operating temperature would be 65 K o r  
higher. 

t o  those used i n  the present argon refrigerator.  

refr igerator  characterist ics a methane uni t  w i t h  ident ical  detector cooling 
capacity, with a t o t a l  system weight of 20 lbs., appears feasible. 

0 

The servicing techniques f o r  a methazle uni t  wodd be ident ical  

Based on the present 

The detector cooling capacity of the present uni t  could be improved i n  two 
ways. F i r s t  as discussed i n  Section 5.0 an extraneous heat leak t o  t'ae 

argon container of 7.2 mw has been ident i f ied as radiation heat t ransfer  
between the carbon dioxide temperature shroud and the argon container. 
Some reduction can be afforded i n  t h i s  heat t ransfer  as has been previously 
indicated by relocating the l iquid nitrogen heat exchanger on the insiCe of 
the argon container. However, the greatest  reduction of this  heat t ransfer  

I 
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w i l l  undoubtedly come from exercising greater quality control i n  the gold 
plating operation on the cryogen container including a procedure f o r  

verifying the infrared reflection properties of this surface. 
emittance inspection devices* are available for measuring the properties 
of these surfaces. 
on the detector thermal l ink  due t o  i t s  present characterist ic dimensions. 

It would be advisable t o  reduce the surface area of t h i s  element by great ly  
reducing i t s  diameter. 

copper the thermal l i n k  need only be about 1/16 inch i n  diameter t o  support 
the required detector heat load w i t h  negligible temperature drop down i t s  
length. On the other hand, some f i n i t e  area is required f o r  mounting the 

detector and i t s  matched load resistor.  

mount would appear t o  be a taunt wire suspension. 

be mounted on a small copper plate  supported concentrically from a surround- 

ing metal ring by wires under tension. 
a l loy wires would allow firm support and yet a t o t a l  heat load on the 
detector support of 1 mw f o r  an 8 wire support; system with each supporting 

wire being 1/2 inch long. 
suspend the nominally 50°K detector support plate  from a m e t a l  r ing at  
approximately 300°K. 

supplied through a short f i ne  f lexible  copper w i r e  running from the 1/16 
inch diameter copper l ink  t o  the detector mounting plate. 
maintain the detector a t  the focus of an opt ical  system even its the refrigera- 
t o r  and detector a re  cooled from room temperature t o  50 K. 

Infrared 

Also, at present there is a rather large thermal load 

With the rather large thermal conductivity of 

The best  system f o r  the detector 
The detector then would 

The use of 2 m i l .  diameter titanium 

The titanium wires i n  t h i s  case are assumed t o  

The cooling f o r  the detector mounting plate  would be 

This system would 

0 

* 
An Optical Surface Cornparitor, f o r  example, manufactured by the 

Lion Research Corporation allows rapid emittance measurements t o  be 

made on complex structures such as the present cryogen containers. 

54 



7.0 References 
Cited References 

1. J. M. Toth, Jr. and J. R. Barber, "Structural Properties of Glass- 
f ibe r  Filament Nound Cryogenic Pressure Vessels," Adv. i n  Cryogenic 
Eng. Vol. 10, Plenum Press, 1964, pp 134-143. 
Thennophysical Properties of Plast ic  lvrzterials and Composites t o  
Liquid Hydrogen Temperature, AF ML-TDR-64-33, June 1964. 
"Determination of the Performance of Plastic Laminates under Cryogenic 
Temperatures, " AST TDR 62-794. 

"Thermophysical Properties of Insulating Materials, " ML TDR 0k-5. 
Caren, R.P., "Low Temperature Emittance Determinationa,in Thermophysical 

and Temperature Control of Spacecraft, " Progress i n  Astronautics and 

Aeronautics, Vol. 18, Academic Press 1966. 
W. T. Ziegler, J. C. Vdl ins ,  and Bo S. Kirk, Calculation of the Vapor 

Pressure and Heats of Vaporization and Sublimation of Liquids and Solids 
Especially Below One Atmosphere, 11. Argon, Engineering Experiment 

Station, Georgia Ins t i tu te  of Technology, 1962. 

2. 

3 . 
4. 
5. 

6. 

7. W. T. Ziegler, J. C. Mullins, and B. S. Kirk, Calculation of the Vaoor 
Pressure and Heats of Vaporization and Sublimation of Liquids and Solids 
Especially Below One Atmosphere, V. Carbon Monoxide and Carbon Dioxide, 
Engineering Experiment Station, Georgia Ins t i tu te  of Technology, 1963 

General References 

G. K. White, Experimental Techniques in  Low Teinperature a. - Physics, Oxford Univ- 

wity Press, 1962. 

R. 3. Scott, Cryogenic Engineering, D. Van Nostrand & Co., 1959. 

Wright A i r  Development Division, A Compendiu- of the Properties of bhterials 

at  Low teinperature, Phase I Par t s  1 and 2, Phase 11, WADD Ti3 60-56, 1960. 

A.  H. Shapiro, The Dynamics and ThermodTynamics of Compressible Fluid Flow, 
Ronald Press Company, Vol. 1, 1953, p. 228. 

R. H. Kropschot, Crjogenic Insulation, (Paper presented a t  the Cryogenic 

Conference of the ASKRP-F Annual Meeting, Lake Placid, N.Y., June 1959) 

Linde Conpany, Linde Company Superinsulxtion Applied t o  Space Vehicles 

A. G. Emslie, The Problems of Seams 2nd Penetrations i n  Panels I of P4ultilayer 
Foi l  Insul.ation, NASA Contract NAS 5-664, ADL No. 63270-04-04. 

55 



A. D. L i t t l e ,  Inc., Third and Fourth Progress Reports - Liquid Propellant Losses 
During Space Flight, NASA Contract ITAS 5-6&, ADL No. 63270-00-03 

National Advisory Committee fo r  Aeronautics, A Simplified Method of Elastic- 

S tab i l i ty  Analysis f o r  Thin Cylindrical Shells, by s. B. Batdorf, NACA Rept. 

674, Washington, DOC. 1947. 

J. L. Christian, Physical and Mechanical Properties of Pressure Vessel Ma- 
terials f o r  Application i n  a Cryogenic Environment, Aeronautical Systems 

Division ASD-TDR-62-258 , Wright-Patterson A i r  Force Base, Ohio, Mar. 1962. 

R. F. Crawford and A, B. Burns, "hEn im Weight Potentials and Design Infor- 
mation f o r  Stiffened Plates and Shells," American Rocket Society paper ARC- 

2424-62 , Phoenix , Ariz  . , Apr. 1962. 

Lockheed Missiles & Space Company, Structural  Shell Optimization Studies, 

Vol. 11, Optimization of Stiffened Cylindrical Shells Subjected t o  Uniform 

External Hydrostatic Pressure, by E. H. Nickell and R. F. Crawford, 3-42-61-2, 

Sunnyvale, Calif., 30 Jun 1961 

Holter, e t  al, Fundamentd-s of Infrared Techpqlogy, kcbfi1b.n CO., 1962 

He W e  Thompson, Advances i n  Spectroscopy, Interscience Publishers, 1nc.j 

1959 0 

56 NASA-Langley, 1967 - 23 CR-988 


